To quote Libby and Wheeler (1997) , "we have only a cursory knowledge of the distributions of dissolved and particulate organic nitrogen" in the equatorial Pacific. A decade later, we are still in need of spatial and temporal analyses of these organic nitrogen pools. To address this issue, we employ a basin scale physical-biogeochemical model However, the relationships with phytoplankton and zooplankton are much weaker for DON (r=0.18-0.71) than for PON (r=0.25-0.97). Such a difference is ascribed to a larger degree of physical control (e.g., upwelling of low-organic-N deep waters into the 20 surface) on DON than PON. On the whole, distribution of organic nitrogen appears to be controlled by biological influences in the equatorial Pacific.
Introduction
The central and eastern equatorial Pacific displays persistent High-Nutrient-LowChlorophyll (HNLC) conditions, which are attributable to both the micro-nutrient limi-tations on phytoplankton growth and the grazing control on phytoplankton abundance by micro-zooplankton (Landry et al., 1997; Landry and Kirchman, 2002; Le Borgne and Landry, 2003; Wang et al., 2005a) . It is believed that community growth is limited by insufficient iron in the euphotic zone (Coale et al., 1996; Martin et al., 1994; Wang et al., 2005a; Behrenfeld et al., 2006) , and diatom growth also by silica (Dugdale and Wilkerson, 1998; Chai et al., 2002) . To date, most studies of the marine nitrogen cycle 5 have largely focused on the distribution and behavior of nitrate in the equatorial Pacific. As Libby and Wheeler (1997) stated, "we have only a cursory knowledge of the distributions of dissolved and particulate organic nitrogen in this region," and "a comprehensive evaluation of both inorganic and organic N-pools is important to achieve an understanding of the transport and regeneration of nitrogen in the equatorial Pacific."
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While there are several field studies which have measured particulate organic nitrogen (PON) in the equatorial Pacific (Libby and Wheeler, 1997; Eppley et al., 1992; Raimbault et al., 1999; Pena et al., 1991 Pena et al., , 1992 , there are only two studies reported concentrations of dissolved organic nitrogen (DON) (Raimbault et al., 1999; Libby and Wheeler, 1997) . The limited data show little variations in both trations below 150 m in the central equatorial Pacific (Raimbault et al., 1999) . Overall, observations show considerable variations in the surface PON (>0.7 µm) concentrations (0.4-1.6 mmol m −3 ) but a relatively small range of the surface DON concentration (4-9 mmol m −3 ). (Raimbault et al., 1999) . One would ask if such a difference is ascribed to the spatial variability (i.e., 25 
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• W-140
• W vs. 150
• W), the interannual variability (i.e., 1992 vs. 1994) , or both?
Previous observation and modeling studies have shown large spatial and temporal variations in physical and biogeochemical processes occurring in the equatorial Pacific (Feely et al., 2002 (Feely et al., , 2006 Chavez et al., 1999; Murtugudde et al., 1999; Wang et al., 3269 2006a and b) . However, little is known about the large scale spatial and temporal variations of DON and PON in the equatorial Pacific. Observations are limited not only in terms of spatial and temporal coverage, but also in terms of a lack of key parameters representing the sources and sinks of the DON pool. Hence, modeling studies offer considerable promise not only for filling the gaps in the spatio-temporal variability, 5 but also for enhancing our understanding of the mechanisms underlying the observed variability.
In this study, we apply a fully coupled basin-scale physical-biogeochemical model that is developed for the equatorial Pacific Wang et al., 2006b) . The model has shown the ability of simulating the ecosystem dynamic, and spatial and 10 temporal variations in biogeochemical fields (e.g., chlorophyll, primary productivity, new production, sea surface pCO 2 and ocean-atmosphere CO 2 fluxes) (Wang et al., 2005a, 2006a and b) . The objective of this study is to understand the spatial and temporal variability of DON and PON and underlying mechanisms. Our approach includes model validations of main nitrogen components, and analyses of relationships of DON and 15 PON with various physical and biogeochemical parameters.
Materials and methods

Ocean physical-biogeochemical model
The ocean general circulation model (OGCM) is based on a primitive equation, σ-coordinate model that is coupled to an advective atmospheric mixed layer model (Gent 20 and Cane, 1989; Murtugudde et al., 1996) . The model has 20 vertical layers with variable thickness. The first layer, the mixed layer, is determined by surface turbulent kinetic energy generation, dynamic instability mixing, and convective mixing to remove static instabilities (Chen et al., 1994 The model is forced by solar radiation, cloudiness, surface wind stress, and precipitation. The air temperature and humidity are computed by the atmospheric mixed layer model. The solar radiation, precipitation, and cloudiness are climatologic monthly means. The surface wind stresses are 6-day means from the NCEP reanalysis (Kalnay 5 et al., 1996) . Wind-speeds are computed from wind-stresses, resulting in interannual wind forcing and latent and sensible heat fluxes which are the most important surface forcings at interannual time-scales in the equatorial Pacific. Initial conditions are taken from a climatological run, which has been spun up for 30 years with initial conditions from the WOA98 atlas (http://www.nodc.noaa.gov/OC5/data woa.html). We then per-10 form an interannual run starting from 1948, and use model outputs from the period of 1990-2007 for our analyses.
The biogeochemical model, modified from that of Wang et al. (2006b) , consists of three nutrients: nitrate, ammonium, and dissolved iron, and seven biological pools: small (S) and large (L) sizes of phytoplankton (P S and P L ), zooplankton (Z S and Z L )
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and detritus (D S and D L ), and dissolved organic nitrogen (DON) (Fig. 12) . All biogeochemical variables are computed in a similar manner to physical fields for all 20 layers without restoration. The biological source/sink term is calculated by the equations given in Appendix A. Model biological parameters are given in Table 1 . Modeled total inorganic nitroegen (TIN) is a sum of nitrate and ammonium whereas modeled 20 PON is estimated as a sum of phytoplankton, small zooplankton, and detritus: modeled surface TON and TIN show good agreement with observations in the eastern equatorial Pacific (Libby and Wheeler, 1997) . For example, model simulations capture the observed meridional variations of surface TIN, which is the highest on the equator, and relatively higher to the south than to the north. While the model simulates reasonable surface TON concentrations, the model underestimates the surface (Pena et al., 1991) .
Results
Model-data comparisons
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Hydrological and biological data were collected along 150
• W during November 1994 in the equatorial Pacific (Raimbault et al., 1999) Raimbault et al. (1999) , for nitrate and ammonium (Fig. 2) , including the deep ammonium maximum at ∼100 m, and the asymmetric features of nitrate and ammonium. The model simulates a relatively uniformly-distributed DON and PON in 20 the upper 100 m, which is consistent with observations. For instance, modeled surface DON variations (4.5-7 mmol m 
W-140
• W (Fig. 3) . These recent data also show considerable short-term variations (e.g., from 0.55 to 0.74 mmol m sibility of a diel cycle. It is not meaningful to inter-compare the model and data at shorter than weekly time-scales since the model is forced by weekly mean surface conditions. Here, we show monthly mean concentrations of mixed layer PON from the model. The modeled PON concentrations (0.8-1.2 mmol m −3 ) in the mixed layer are systematically higher than the measured PON concentration near the surface. We will 5 further discuss the issues of model-data and data-data comparisons in the Discussion section.
3.2 Spatial distributions and seasonal variability Figure 4 shows the climatology (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) Modeled surface PON shows considerable spatial variability with the highest concentrations revealed along the equator, which is similar to those of phytoplankton and zoo-20 plankton biomass, primary productivity and new production (e.g., Wang et al., 2006b ). Similar meridional variations have been found in the in situ surface PON in 1988 (Pena et al., 1991 (Pena et al., ) and 2005 (Pena et al., -2006 (Fig. 3) , and in the satellite-derived surface particulate organic carbon (POC) in the equatorial Pacific (Gardner et al., 2006 ). The subsurface DON shows relatively higher concentrations in the central equatorial Pacific then in the ) given the strong seasonality in the mixed layer iron concentration. and fall (September-November). Clearly, there are pronounced asymmetries in MLD and Z20. Asymmetric features have been found in nitrate, silicate, dissolved inorganic carbon, and sea surface pCO 2 in the equatorial Pacific (Feely et al., 1997; Jiang and Chai, 2005; Murray et al., 1995; Archer et al., 1997; Dugdale et al., 2002) , which may be largely associated with the asymmetries in mass exchanges between the equa-20 torial and off-equatorial Pacific Ocean (Kug et al., 2003) . However, modeled DON reveals weak to moderate asymmetric features in the upper 200 m. Model simulations show subsurface DON maxima off the equator, which has been observed along 150 • W (Raimbault et al., 1999) . In general, DON concentrations below 120 m are lower on the equator than off the equator particularly in the eastern equatorial Pacific, which may reflect upwelling of low-DON waters from deep layers.
Modeled PON shows considerable asymmetries in the upper 100 m, but weak asymmetries below 100 m (Fig. 7) . The model reproduces some observed PON features such as a surface peak on the equator, and subsurface maxima off the equator (Pena et al., 1992) . The subsurface PON maxima appear when the off-equatorial MLD is relatively shallow. Unlike DON, PON concentrations below 120 m are higher on the equator than off the equator along 110
• W, indicating enhanced biological activities, and thus PON accumulations in association with upwelling. While upwelling may bring PON-poor waters from the deep ocean into the surface (Pena et al., 1991) , this study 5 shows that biological accumulations exceed physical removals in the equatorial upwelling regions.
Interannual variability
The equatorial Pacific is known to undergo significant changes of physical and biogeochemical properties at interannual time-scales, which are associated with the El
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Niño/Southern Oscillation (ENSO). Our previous studies have shown significant interannual variations in phytoplankton and zooplankton biomass, primary productivity, new production, export production, net community production, and sea-air CO 2 exchanges (Wang et al., 2005a, 2006a and b The mixed layer PON concentration ranges from 0.5 to 1.5 mmol m −3 in the HNLC region, varying approximately by a factor of 3. The temporal variations in the mixed layer DON and PON are smaller than most of the other biogeochemical parameters reported (varying by a factor of 3 to 10), including nutrients, chlorophyll, phytoplankton 5 and zooplankton biomass, new production and export production (Chavez et al., 1999; McClain et al., 2002; Murtugudde et al., 1999; Wang et al., 2005a Wang et al., , 2006b .
Considering the differences in the DON and PON asymmetries between the eastern and central equatorial Pacific, we separate our analyses into four regions: the northcentral (NCP: 5 ) in all the regions (Fig. 9) . Apparently, the surface DON has little or weak relationships with the surface iron concentration in 15 all the four regions (Fig. 9) . However, the subsurface DON varies with the ferricline: low DON concentration corresponding to a shallow ferricline. Statistical analyses indicate that the DON concentration at 120 m has highly significant (r>0.77, p<0.001) correlations with the Z20, indicating strong implications of physical transport (i.e., upwelling of low-DON waters) for the subsurface DON variability in these regions. ) during the warm ENSO events (e.g.,
Discussion
Model-data and data-data comparisons
There are generally good agreements in the magnitudes, meridional and vertical distributions between the modeled PON and observed PON. Interestingly, the simulated surface PON peak on the equator was not observed in boreal fall 1992 (Libby and 5 Wheeler, 1997) or in boreal fall 1994 (Raimbault et al., 1999) , but was observed in April 1988 (Pena et al., 1991 (Pena et al., , 1992 and in [2005] [2006] (Fig. 3) . The recent observations (at 3 m depth) show slightly higher PON concentrations along 140
near the equator. These recent data also show some indication of diel cycle in the surface PON (Fig. 11a) . For instance, high surface PON concentrations (>1 mmol m −3 ) 10 are normally found before sunrise, which may reflect zooplankton migration to the top few meters during the night (Champalbert et al., 2003) . Our model does not simulate zooplankton vertical migration. Here, we assume that zooplankton do not appear in near surface waters so modeled PON only consists of phytoplankton and detritus. This assumption leads to a better agreement between the modeled PON and measured 15 PON (Fig. 11b) (Hansell and Waterhouse, 1997) , suggesting that the surface DON concentration might be close to those reported by Raimbault et al. (1999) .
There have been reports of DON concentration in other parts of the ocean, showing a narrow range (4 to 7 mmol m ) (Bronk, 2002; Vidal et al., 1999) . In the field, DON concentration is often obtained by subtracting TIN and PON from total nitrogen (TN) of 10 unfiltered water samples (Libby and Wheeler, 1997; Raimbault et al., 1999) , or by the difference between TN and TIN in filtered water samples (Aminot and Kerouel, 2004; Davis and Benner, 2005) . Therefore, in some published studies, the in situ DON pool may represent a small portion of other materials such as living matter and small detritus. Moreover, different approaches may yield inconsistent results because of the ) with a subsurface maximum in the central equatorial Atlantic due to exclusion of ammonium in TIN measurements. Clearly, more field studies, including development of improved techniques to 20 measure DON and large scale observations, are in need for model development and validation.
Spatial and temporal variations
The equatorial Pacific experiences significant seasonal to interannual physical forcings. Numerous studies have demonstrated that ENSO is the dominant mode regu- As a result, interannual variations exceed seasonal variations in many biogeochemicalparameters, including nutrients, phytoplankton and zooplankton biomass, primary productivity, new production, export production, and sea-air CO 2 exchanges (Wang et al., 2006a and b) .
Limited observations show considerable meridional, zonal and vertical variations in PON in the central and eastern equatorial Pacific (Libby and Wheeler, 1997; Pena et al., 1991 Pena et al., , 1992 Raimbault et al., 1999) . Our model simulations show significant spatial and temporal variations in PON in the central and eastern equatorial Pacific. Spatially, the highest PON concentrations are found along the equator in the surface waters of the eastern equatorial Pacific, which is similar to the spatial patterns of phytoplankton, zooplankton, primary production, and new production (Wang et al., 2006b Libby and Wheeler (1997) and Raimbault et al. (1999) result from the spatial or temporal variability.
Relationships to other parameters
Researches have indicated that phytoplankton and zooplankton are responsible for DON and PON variations in the euphotic zone (Davis and Benner, 2005; Aminot and 5 Kerouel, 2004; Bronk, 2002) . Many studies have shown that phytoplankton and zooplankton biomass are affected by physical and biogeochemical conditions such as upwelling intensity, nutrient concentration and nutricline (Wang et al., 2005a (Wang et al., , 2006b Le Borgne et al., 1999 , suggesting implications for the DON and PON variability.
Here, we examine the relationships of mixed layer DON and PON with the Z20, mixed 10 layer iron concentration, ferricline, phytoplankton and zooplankton in four different regions. Statistical analyses indicate that the mixed layer DON has no relationship with Z20 or ferricline in three of four regions (Table 3 ). The positive correlation (0.15) of the mixed layer DON and Z20 in the SCP reflect the significance of upwelling of low-DON deep waters into the surface layer (Libby and Wheeler, 1997) . In contrast, the mixed 15 layer PON has significant negative correlations with Z20 and ferricline in three of four regions, indicating that strong upwelling (e.g., shallow Z20 and ferricline) results in high surface PON concentrations. Overall, the mixed layer DON and PON have significant positive correlations with the mixed layer iron concentration (except north of the equator), phytoplankton and 20 zooplankton. Interestingly, the relationships with phytoplankton and zooplankton are much stronger for PON than for DON. While both phytoplankton and zooplankton are key players for DON and PON abundance in the euphotic zone (Davis and Benner, 2005; Aminot and Kerouel, 2004; Bronk, 2002) , upwelling of deep waters into the euphotic zone has larger impacts on DON than PON (Table 3) . As a result, local 25 DON accumulations due to phytoplankton release and zooplankton excretion are often offset by removal via physical transport, leading to low correlations between DON and biomass of phytoplankton and zooplankton. Nevertheless, the significant correlationsof DON and PON with phytoplankton and zooplankton indicate that biological effects exert physical influences in controlling the distributions of organic nitrogen (Hansell and Waterhouse, 1997) .
Appendix A
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Biogeochemical equations
A1 Phytoplankton equations:
A2 Zooplankton equations:
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A4 Detritus equations:
A5 Nutrient equations:
3282 A6 Other equations:
A6.1 Phytoplankton growth rate:
A6.2 Nutrient limitation:
A6.3 Light limitation:
A6.4 Light attenuation:
A6.5 Carbon to chlorophyll ratio (η):
A6.6 Nitrogen uptake:
A6.7 DON remineralization:
A6.8 Detritus decomposition: 0.09 Maximum grazing rate 
